A study of five compost feedstocks that have been proposed for use in composting animal carcasses was conducted in the fall of 2008. The purpose of the study was to compare the moisture retention and loss characteristics for the feedstocks by themselves when exposed to extreme rainfall events. It also included analyzing the leachate for a number of characteristics. The study is a prelude to a similar study that will collect data on leachate quantity and quality for one or more of the feedstocks when used to compost an animal carcass. An impervious collection platform was constructed to collect leachate generated by separate piles of various feedstocks, where each pile was exposed to 30 minutes of simulated rainfall (approximately 416 L total or the equivalent of a 25 year/24 hour rain event). Five compost feedstocks that may be used for animal carcass composting were tested: wood chips, a sawdust/shavings mix, leaf and yard waste, horse bedding, and immature sludge-derived compost. Three replicates of each feedstock (Trials 1-3) were constructed into small piles measuring 3 m 3 in volume. Each pile received simulated rainfall twice over a seven-day period (on Day 1 and again on Day 7). Piles were covered by moisture impervious materials between simulated rainfall events. Individual leachate samples (100 ml) were collected at regular intervals during the simulated rainfall periods and were analyzed for: micro nutrients; total phosphorus; nitrate-nitrogen; ammonia-nitrogen; total nitrogen; pH; and conductivity. Total leachate volumes varied widely between the various feedstocks tested. Wood chips averaged the most generated leachate (145 L), whereas the sawdust/shavings mix yielded the least leachate (40 L). Municipal sludge compost and horse bedding recorded the highest levels of nitrate-nitrogen in the collected leachate, whereas horse bedding and municipal leaf and yard waste leachate recorded the highest levels of total phosphorus. However, a review of nutrient uptake capacities of vegetation in a grassed filter area, demonstrate that none of the leachate collected during this study would exceed the ability of a vegetated filter area to utilize both nitrate-nitrogen and phosphorus.
Introduction
Recently, composting has become a popular carcass management tool for livestock and milk producers. With the disappearance of rendering options, farmers and slaughter houses are faced with very few economically viable options for managing routine mortalities or the offal generated (Looper, 2001) . Burial and incineration remain as alternative options; however, these practices are not without their own inherent risks to groundwater and ambient air quality. Composting provides a simple, cost-effective method of transforming raw organic materials into stable, complex compounds that are resistant to leaching (Rynk et al., 1992) . However, concerns still remain that composting activities may contribute nutrients to groundwater, especially when composting is performed over areas of unprotected soils. Rain and snow melt may infiltrate compost piles, carrying away nutrients in the effluent (Eghball et al., 1997) . The shape and moisture conditions of a compost windrow determine whether it will shed, absorb or temporarily detain precipitation (Kalaba et al., 2007) . Intensity, duration, and frequency of rain events also may affect a windrow's ability to absorb and retain precipitation, as up to 68% of precipitation landing on a saturated windrow will eventually become runoff (Wilson et al., 2004) . Glanville et al. (2006) took this further by testing several carbonaceous cover materials commonly used on Iowa Farms. One of the author's major findings suggests that leachate generation is directly related to a feedstock's ability to absorb and hold free moisture coupled with its relative permeability to allow evaporative gases to escape.
Pare ' et al. (1998) reports that compost leachate initially results from the breakdown of the organic materials in the compost mix, then subsequently from the run-off and infiltration of precipitation into the compost piles. Eghball et al. (1997) followed leachate losses from several compost piles, made from cattle feedlot manure, over a three-year period. The authors found that nitrogen losses during composting were related to the initial total nitrogen (N) content of the compost feedstocks utilized. The higher the N content, the more each feedstock was prone to nitrogen losses. Additionally, potassium (K) and sodium (Na) losses were notable during the years with large numbers of rainfall events. Seymour and Bourdin (2003) found that nitratenitrogen (NO 3 -N) can 'move out' of compost exposed to precipitation. Nutrient losses are further multiplied when a windrow is exposed to frequent precipitation events, resulting in pile saturation and subsequent leaching (Kalaba et al., 2007) . These nutrient losses can also impact the quality of the finished compost, therefore, nutrient conservation and water management become equally important site considerations.
Previous studies have documented nutrient losses from a wide range of compost feedstock mixtures including: animal manures [Martins and Dewes (1992) ; Ulen (1993) ; Eghball et al. (1997); and Seymour and Bourdon (2003) ]; animal manures and carcasses [Glanville et al. (2006) ]; food waste [Krogmann and Woyczechowski (2000) ]; and yard waste [Ballestero and Douglas (1996) ]. To date, however, only a few of these studies have looked at the nutrient contributions from the compost feedstocks alone. Rynk et al. (1992) reports that raw materials (feedstocks) and finished compost stored on-site may present greater risks for pollution than the actively composting windrows/piles, particularly with regard to leaching. To further explore this topic, the present study focuses on collecting and analyzing leachate from five common compost feedstocks used here in Maine, following exposure to two separate simulated rainfall events over a seven-day period.
Study Design and Methodology
During the fall of 2008, members of the Maine Compost Team conducted a series of trials to determine if there is a difference in the quality and quantity of leachate that is generated by various compost feedstocks when exposed to simulated rainfall. The Team chose five feedstocks commonly used by Maine compost facilities: horse bedding; sawdust/shavings mix; leaf and yard waste; immature sludge-derived compost; and wood chips. Leachate trials were conducted at the Highmoor Farm Compost Education Research Facility, a University Experimental Station, located in Monmouth, Maine.
Initial Feedstock Characterization. Prior to beginning the compost trials, composite samples (placed in 7.6 L capacity ziplock bags) were collected from each of the compost feedstocks to initially characterize them. Collected samples were sent to the University of Maine Analytical Laboratory and analyzed for: total solids; volatile solids; % carbon; % nitrogen; % potassium; % phosphorus; C:N ratio; and, bulk density (lbs./yd 3 ). Additionally, water holding capacity values were calculated for each of the feedstocks, based on saturated weight minus oven dried weight (expressed as gram of water per gram of feedstock (g H 2 O/g)). To determine water holding capacities, grab samples (measuring 7.6 L in capacity) of each feedstock were submerged in water for 12 hours (until saturated) and then placed in a 15 L capacity plant pot with free drainage for an additional 12 hours. The samples were then resealed in a 7.6 L capacity Ziplock bag and taken to the University of Maine Soil Testing Lab, where the initial wet weight (g) was determined for each feedstock. Following wet weight determination, each feedstock sample was placed into an oven and dried at 110 o C to a constant weight (dry weight). Once this was completed, the weight of water (g) held by each feedstock was determined by subtracting the dry weight from the wet weight. Finally, the water holding capacity for each feedstock was then determined by dividing the weight of water in the feedstock by the dry weight of the feedstock, yielding a value expressed as gram water per gram feedstock (g H 2 O/g).
Using mixed sawdust shavings as an example, the water holding capacity is expressed as: Leachate Collection System. To facilitate leachate collection, five wooden collection platforms were constructed and placed on the composting surface, which is an asphalt pad with a 2% slope. Each collection platform consisted of two identical halves measuring 3 m long by 1.25 m wide by 18 mm (approximate thickness). When fully assembled each collection platform measured 3 m long by 2.4 m wide, with a 3 percent slope extending towards the center and from the rear edge down towards the front edge. The surface of each collection platform was covered with a 0.5 mm thick piece of geomembrane, to serve as an impervious barrier to prevent potential leachate losses down through the collection system. Finally, the surface was lined with parallel panels of 25 mm thick corrugated stainless-steel screening (measuring 2.4 m long by 0.8 m wide) to ensure that leachate could freely flow from underneath the amendment pile once formed (Figure 1 ). At the center of the down slope end of each collection platform, a fabricated leachate collection tray was installed to capture leachate generated during simulated rain events. The collection tray consisted of a 500 ml capacity aluminum paint tray which was drilled (along the lower rear center) to accommodate a 30 mm brass adapter. A section of nylon screening material was stretched over the top front portion of the collection pan to prevent particulate matter from washing into the collection pan and subsequently clogging the collection hoses. A three meter long section of clear silicone tubing (20 mm inner diameter) was attached to the brass adapter to allow visible recognition of leachate flows. Attached to the terminal end of the silicone tubing was a 'two-into-one' garden hose "Y" adapter, providing one port for sample collection and a second port attached to a 30 m section of 20 mm inner diameter garden hose, finally ending in a 208 L capacity collection barrel (Figure 2 ). Flows were controlled by the use of shutoff valves located in the "Y" adapter. All fittings in the collection device were tightly fastened and all gaps were filled with a silicone sealant to eliminate leakage points. All collection trays were cleaned between subsequent pile construction and simulated rainfall events. Each feedstock pile received two simulated rainfall events (test), separated by a seven-day period. During each test, all five feedstock piles were separately exposed to 30 consecutive minutes of simulated rainfall (equivalent to a twenty five year/24 hour rainfall event for Monmouth, Maine). This process was replicated three times for each feedstock (Trial 1, Trial 2, and Trial 3). Feedstock piles were covered (with a plastic tarp) between test events to protect the piles from natural precipitation and to prevent wind-driven evaporative moisture losses. Following the completion of each trial, platforms were cleared of all materials, rinsed clean, and new feedstock piles reformed in preparation for the next trial.
During each of the simulated precipitation events, all generated leachate (run-off and effluent) was collected and total volumes (L) calculated at the end of each trial phase. Additionally, a total of four 100 ml leachate samples were collected from each test pile at regular intervals per simulated rain event (at the beginning of leachate flow, 10 minutes following the first sample, 20 minutes following the first sample, and at the end of the flow). Collected leachate samples were preserved at 4 o C and taken to the University of Maine Analytical Laboratory to be analyzed for the following parameters: Total Nitrogen (N); Nitrate-nitrogen (N0 3 -N); Ammonia nitrogen (NH 4 -N); Phosphorus (P); Potassium (K); Aluminum (Al); Boron (B); Calcium (Ca); Copper (Cu); Iron (Fe); Sodium (Na); Magnesium (Mg); Manganese (Mn); Sulphur (S); Zinc (Z); pH; and, Conductivity. Mean values were determined for total leachate volumes (L), flow durations (minutes), and leachate sample analyses (mg/L) for each of the feedstocks. Additionally, Rainto-Leachate flow (R/L), described as the elapsed time (minutes) between start of rain simulator and start of leachate flow, was recorded and averaged over the study period. Finally, comparisons were made by feedstock for the first and second week of each trial to explore variability among the feedstocks.
Results and Discussion

Initial Feedstock Characterization
Common attributes of compatible compost feedstocks include: low moisture content (< 45%); moderate carbon to nitrogen ratios (C:N) between 50 and 150; moderate bulk densities < 1,000 lbs./yd 3 ; volatile solids content of greater than 50% (dry-weight basis) and a balanced texture (equal mixture of coarse and fine materials). A well-balanced texture provides an amount of coarse particles to build and maintain pile structure while also permitting and enhancing air movement throughout the pile, and an equal amount of fine materials to readily absorb free liquids generated during the initial mixing process (King et al., 2005) . A summary of initial characterization analyses for the five feedstocks compared in this study appear in Table 1 . The sawdust/shavings mix and horse bedding had the highest recorded values for % total carbon (C), % volatile solids, carbon to nitrogen ratio (C:N), bulk density, and water-holding capacity, suggesting that either would be suitable for amending high moisture and/or high nitrogen (N) containing residuals. Wood chips and leaf and yard waste had the lowest bulk densities and water-holding capacities values of the feedstocks tested, suggesting that these residuals may not be able to adequately absorb moisture or prevent potential leaching losses under certain moisture conditions. Immature sludge-derived compost and leaf and yard waste had the lowest % C (13.3 and 15.2) and C:N ratios (16.5 and 49.9), and the highest % N (0.8 and 0.3), respectively, among the five feedstocks tested. The immature sludge compost also had the highest levels of phosphorus of the five materials while the horse bedding had significantly lower but still measurable levels of phosphorus. These results suggest that leachate from these feedstocks could contain nutrient concentrations that might pose a risk to the surrounding environment, under certain environmental conditions.
A surprise was the relatively low water holding capacity (1.8 g H2O/g) measured for the municipal sludge. This material has been used successfully in numerous carcass compost trials in the State of Maine [King et al. (2005) and King et al. (2009)] and was not shown to be a significant generator of leachate. Further investigation of this issue revealed that the compost used in these trials was stored on a gravel pad. A small amount of gravel was also picked up with the compost resulting in a physical change in the water-holding properties. In fact, a review of the volatile solids content of the municipal sludge compost (see Table 1 ) showed that it had the lowest volatile solids content of any of the feedstocks (65.7%) on a dry weight basis. The remaining 34.3% was inert and undoubtedly represented the added gravel.
Leachate Trials
A total of 30 simulated rain events were conducted and recorded between September 23, 2008 and November 11, 2008 . Weather conditions were favorable for most of the study. However, on October 7, 2008, wind gusts became problematic, necessitating the use of the simulator's side curtains to prevent horizontal-drift of the precipitation spray. Once the curtains were secured, however, no other problems were noted.
A summary of the mass-balance data for water retained and lost by feedstock piles during simulated rain events appears in Table 2 . As stated earlier, during each simulation, approximately 416 L of water fell as rain on each of the piles over a 30 minute period. For most of the trials, each feedstock pile retained more simulated rainfall during the first week, and in all cases, the feedstock piles were able to retain greater than 60% of the rainfall from each event.
Overall, leachate flow duration (min.) and total leachate flow (L), appeared to vary considerably between the first and second week of each trial and also by individual feedstock type over the course of the study, thus emphasizing the need to thoroughly understand the physical properties and potential limitations of the feedstock you are working with. Looking at the data in Table 2 , a number of trends appear. One important observation is that the variability (as measured by the Standard Deviations) of the leachate volumes generated was by far the greatest for the woodchips. The total volume of leachate ranged all the way from 34L to 184L in the first week rainfall events and from 125 L to 212 L in the second week rainfall events. This is partly explained by the fact that the woodchips used in the first week of Trial 1 (1A) had more fine textured particles than those used for the later trials. The percentage of rainfall retained during the first week rainfall events is an indicator of the relative ability of each material to hold water. The most absorbent materials based on this measure were 1. the sawdust/shavings mix (94.9%), 2. the municipal sludge compost (89.6%) and 3. horse bedding (82.6%). The percentage rainfall retained for all three of these materials dropped approximately 10 points during the second rainfall event. This was in part a reflection of the ability to hold the water from the previous event and in part a result of covering the piles between events which reduced the air movement in the piles that would have allowed them to self dry between rainfall events. It should be noted that the horse bedding started with the highest moisture content of these three amendments. It had a moisture content of roughly 65% compared to only 60% for the municipal sludge compost and 42% for the sawdust/shavings mix. These differences are consistent with the differences in rainfall retention and confirm the assumption that drier materials with similar textures will retain more water from a rainfall event.
The sludge-derived compost used in the trials had the second highest percent of rainfall retained despite having a relatively low water holding capacity as measured in the feedstock characterization. Given the low water retention capacity measured in the feedstock characterization, one would expect the sludge-derived compost to retain about the same percentage of the rainfall as the wood chips, but the retention was, in fact, much higher (89.6% vs. 68.9%). This once again points to the issue of having variable amounts of gravel and other inert particles in either the sample used in the analyses or the feedstock itself which can change its water holding capacity.
The two materials with the lowest ability to retain the rainfall, the leaf and yard waste (79.4%) and wood chips (68.9%) did not experience the dramatic drop in percent retained during the second rainfall events. This was probably due to the coarse texture and resultant lack of hygroscopic sites, which allowed them to further drain and provided more air movement within the pile. Both of which would result in more drying between rainfall events, even with a cover.
A significant overall result of the trials is that they have shown that even the more porous materials will retain over 60% of the precipitation that falls on them even for an extreme rainfall event and that the finer textured materials will retain a much larger percentage.
Rain-to-Leachate flow (R/L).
During the first week of each trial, R/L times were shortest in duration for wood chips, leaves and horse bedding (Figure 4 ). Rapid initiation of leachate flows were expected from both wood chips and leaves, as each amendment began with relatively low bulk densities (280 lbs./yd 3 and 250 lbs./yd 3 ), and had coarse textures and low water-holding capacities (1.6 g H 2 0/g and 0.9 g H 2 0/g). The R/L results for horse bedding, however, were initially surprising, as this residual appeared to be ideally suited for moisture retention, recording the highest water holding capacity valued for the study (3.3 g H 2 0/g). Closer examination of the horse bedding revealed that it had a fairly dry, relatively consistent fine texture. This combination of dry, fine texture may have served as a hydrophobic barrier, preventing initial penetration of the simulated precipitation, favoring the diversion of rainfall as run-off instead. Additionally, R/L values for all of the feedstocks were shorter for the second week of each trial, suggesting that pile moisture conditions from the previous week's precipitation events may have contributed to the earlier initiation of leachate flows (Seymour and Bourdin, 2003) .
Leachate Flow Duration. With the exception of leaf and yard waste, leachate flow durations were considerably longer for each of the feedstocks during the second week of each trial, once again, supporting the idea that pile antecedent moisture conditions contribute to leachate generation ( Figure 5 ). During this study, leaf and yard waste proved to be a poor moisture reservoir. This may be attributed to its heterogeneous, coarse texture, low bulk density (113 kg/m 3 ), and low water-holding capacity (0.9 g H 2 O/g). For all trials, wood chips recorded the lowest average leachate flow duration (50min., SD= 7.9) and sawdust/shavings mix averaged the highest (130.7 min., SD=7.5). It is also important to note that the sawdust/shavings mix and wood chips represent opposite ends of the particle texture spectrum. Sawdust and/or shavings are often recommended as a bulking source for wet residuals in composting applications, due to their fine texture and excellent liquid absorption potential, whereas woodchips tend to have a coarse structure that is useful for enhancing pile structure and porosity. Because of their coarse texture, wood chips tend to provide very little surface area for absorption potential or waterholding capacity. Conversely, a sawdust/shavings mix tends to trap moisture and retain it due to the wicking potential and increased surface area of the fine textured particles. Total Leachate Volume. With the exception of leaf and yard waste, collected total leachate volumes (L) were higher for the second week of all trials ( Figure 6 ); indicating the antecedent moisture conditions may also contribute to greater leachate losses from stockpiled feedstocks.
The leaf and yard waste that was used for this study was especially heterogeneous (comprised of new and old leaves, branches, sticks, rocks and other contaminants). As noted in the previous sections, this material had a relatively low moisture retention capability and would not perform as well at absorbing liquids as some of the finer materials if used as the sole amendment in a compost recipe. Among the three trials, wood chips averaged the highest total leachate volumes for both the first (34.2 L, SD=21.9) and second (42.3 L, SD=12.1) weeks, whereas, the sawdust/shavings mix yielded the lowest total volumes for both the first (5.7 L, SD=3.1) and second (15.4 L, SD=5) week of the trials. This difference may be attributed to finer texture of the sawdust/shavings mix allowing it to absorb and retain moisture more easily. In fact, the sawdust/shavings mix demonstrated the highest rainfall retention of all the feedstocks tested, averaging 94.9% for the first week and 85.9% for the second (Table 2) . Another interesting note is that during the first wood chip trial, there was a 91.8% retention of rainfall. This was not repeated in subsequent trials, where rainfall retention averaged closer to 60%. As explained earlier, the first woodchip pile contained noticeably more fines than the subsequent piles that were formed, possibly contributing to the greater rainfall retention.
All of the variations noted, eg. inclusion of fines, level of initial moisture content, inclusion of sand, gravel or soil, emphasize that for any possible compost amendment there are many potential variables that can impact its ability to perform as expected. Each material needs to be evaluated on a case by case basis to determine if it will provide the characteristics, such as water retention capacity, that are desired.
Leachate Quality
Nitrate-nitrogen vs. Phosphorus. In many agricultural compost applications, compost piles are formed directly on top of soil surfaces. During the initial "active" compost period (first two to three weeks), some nitrogen may be lost as leachate under certain environmental conditions. For example, in an extreme case where liquid manure was blended with straw, between 9.6 and 19.6% of the initial total nitrogen was lost as leachate, with most of the leaching (>70%) occurring within the first 10 days of the composting period (Martins and Dewes, 1992) . It should be noted, however, that the current study shows that even under extreme rainfall conditions, nitrogen losses amounted to only 0.2% to 3.1% of total nitrogen over the course of the study. One of the most soluble forms of nitrogen, nitrate-nitrogen (N0 3 -N), has been widely used as an indicator of groundwater impacts from composting activities. Likewise, phosphorus (P) in run-off from agricultural applications (including composting) has been shown to contribute to eutrophication of surface water bodies . Mean N0 3 -N and P concentration values for leachate samples collected during the first and second weeks of each trial replicate appear in Table 3 . Overall, it is apparent that initial feedstock nutrient content appears to directly influence the nutrient content in subsequent effluent releases (leachate). For example, the sludge-derived compost used in this study contained 0.8% nitrogen on an "as is" basis, whereas horse bedding contained only 0.2% nitrogen on an "as is" basis. Leachate derived from the sawdust/shavings mix contained the lowest mean concentrations of both nitrate-nitrogen and total phosphorus for both the first and second week of the study trials. Mean N0 3 -N and P concentrations for all leachate samples were noticeably less during the second week of the study.
One surprising finding was that despite having the highest concentration of phosphorus in the initial feedstock (0.3% on an 'as is' basis), the sludge-derived compost had one of the lowest mean concentrations of phosphorus in the leachate. Mean concentrations for the first week rain events was only 2.68 mg/L and for the second week of rain events it was even lower at 1.64 mg/L. Only the sawdust/shavings mix had lower concentrations at 1.12 mg/L for first week rain events and 1.34 for second week rain events. Further investigation suggests that chemicals precipitants, such as ferrous sulfate (FeSO 4 ), calcium oxide (CaO), and aluminum sulfate (Al 2 (SO 4 ) 3 ), used in the waste water treatment process create insoluble compounds with the phosphorus, thus greatly reducing its leachability (Huang et al., 2008) . Additionally, for all trials, mean leachate concentrations of both nitrate-nitrogen and phosphorus increased steadily over time as saturated piles began releasing concentrated nutrients in effluent. This was especially true for nitrate-nitrogen levels in sludge-derived compost leachate (Figure 7 ). Construction of vegetated buffers is a common management technique used at agricultural compost sites to manage runoff from compost piles. Tables 4 and 5 contain the estimates of total nitrate-nitrogen and phosphorus contained in the leachate collected during the rainfall simulations. These tables also show the amounts of these nutrients that would be removed by a grass filter area. The leachate generated during our simulated rain events contained low levels of nutrients that would be readily taken up by a vegetated filter area adjacent to the compost pad. Phosphorus demonstrates a similar relationship (Table 5) . The largest quantity of total phosphorus contained in the leachate was from the horse bedding (approximately 31,000 milligrams of total phosphorus). A filter area with dimensions of approximately 100' by 100' (30 meters by 30 meters) would be able to remove approximately 3.1 million milligrams of phosphorus. The phosphorus from the horse bedding leachate generated in this study would contain approximately one percent of the amount of phosphorus that the vegetation in the filter area is able to remove. This does not even consider the other immobilization mechanisms for phosphorus in the soil.
Conclusions
This study has shown that small piles of compost feedstocks will generate relatively small volumes of leachate when exposed to heavy rainfall events. Moisture retention by even the most porous of the five feedstocks was greater than 60% and much higher for the finer textured materials. Each of the five feedstocks had its own pattern of time to first leachate flow, volume of leachate generated and time until the flow ended. These patterns should be considered when choosing a material as the compost medium for animal carcasses. Nitrate and phosphorus content of the leachate from the five materials varied considerably but was low when compared to nutrient removal rates for a grass filter strip. The leachate from the municipal sludge compost had the highest concentration of nitrate, while the leachate from the horse bedding had the highest concentration of phosphorus.
